Introduction
Hysteresis behavior of magnetic materials under vector excitations has not been extensively studied. In order to design and optimize innovative electromagnetic devices using novel soft magnetic materials which are subjected to time-varying three-dimensional (3-D) vector magnetic fields, experimental data and models which can faithfully describe 3-D hysteresis behavior are desired by engineers. In order to characterize the materials properties and elucidate the mechanisms of magnetization, 3-D vector hysteresis property must be measured. This paper presents, in detail, the design, fabrication, and calibration of a sensing box for measuring 3-D magnetic properties, and the 3-D magnetic flux density B vector and field strength H vector loci in a soft magnetic composite are presented.
3-D magnetic property measurement system
A 3-D magnetic property measurement system for cubic sample has been successfully built [1, 2] . Briefly, the system consists of a 3-D magnetic circuit to guide the magnetic fluxes along the orthogonal x-, y-, and z-axes, a data acquisition system, three groups of excitation coils, and a feedback control system comprising a control unit and three high power amplifiers. As a result, various loci of the rotating flux density B vector, for example, circular or elliptical, can be obtained. A cubic sample is located at the center of the tester. Fig. 1 shows the schematic diagram of the system. 
Design and Fabrication of B and H sensing house
where T is the time period of magnetization and ρm the mass density.
Each H coil is wound around a thin bakelite former using 0.05 mm enamelled wire. To eliminate the electromotive force (emf) induced by the field component perpendicular to the sample surface during the data analysis, a planar correction coil is embedded in each H coil, as shown in Fig. 2 . The correction coils can also be regarded as sensors to measure the B field. It has been verified that both the results calculated from the B coils wound around the sample and the correction coils are agreement very well, and therefore the correction coils embedded in the H coils can be used for measuring the B in the sample. In practice, six H coils are integrated to form a rigid cubic B and H sensing house, and the H coils located at the opposite surfaces are connected in series. The sample can be easily placed inside the B and H sensing house.
Calibration of H and B sensors
The calibration was performed in a long solenoid. Due to the inevitable gaps between the adjacent turns and irregularities, the emf induced in an H coil is the superposition of two components due to the normal and tangential components of the time-varying magnetic field at the sample surface. It is the reason that the correction coil is embedded in the H coil to find the emf induced by normal component at the sample surface. The emf component induced by tangential component can be corrected by taking the emf induced in the embedded correction coil into account.
The H sensing house must be calibrated before they can be employed as a sensor to measure H field. Applying a uniform AC magnetic field, generated by a long solenoid, parallel to the x-axis of the sensing house, the induced emfs in the coils for the x, y, z-components,
U , can be measured. The dependence of the emfs on the generated magnetic field, H x , is governed by the Faraday's law,
The coil coefficients for the x-axis, 
where V x , V y , V z are the emfs in the correction coils embedded in the Hx, Hy, and Hz coils, respectively. The magnetic field at the sample surfaces, H x , H y , H z , can be obtained by solving equation (3). Strictly speaking, the flux density components, B x , B y , and B z , should also be obtained using a similar procedure of (3). Because the planar correction coils have only a few turns and the area for the tangential component is rather small, the B components were calculated simply using
Experimental results
The sample studied in this work is a soft magnetic composite material with cubic shape. It is made of highly pure iron powders with a surface coating to ensure low eddy currents. Fig. 3 plots the B and H loci when B locus is controlled to lie at a spherical surface. The results demonstrate that the calibration and calculation procedures can effectively compute H and B. 
